Abstract-As more phasor measurement units (PMUs) are installed, portions of the power grid become observable with just phasor measurements, making feasible the estimation of the state of these observable portions at much faster rates than the traditional state estimator. Although such a linear state estimator (LSE) was proposed over a decade ago, the first field implementation was completed at Dominion Virginia Power in 2013. Although this LSE is a stand-alone function not integrated to their energy management system (EMS), it demonstrated the feasibility of the LSE. In this paper, we present the design, development, and implementation of an LSE that is fully integrated with the existing EMS and can estimate the state of the extra high voltage portion of a power system at 30 times per second. Integration of the LSE to the existing EMS environment and some of the issues in the design and testing are presented in this paper. The work paved way for LSE to supply cleansed PMU data to other synchrophasor applications that are sensitive to data quality.
I. INTRODUCTION
A PHASOR Measurement Unit (PMU) or synchrophasor is a device which measures the voltage and current phasors of an electric grid, using a common time source for synchronization. Although developed and first installed in the mid-1980s, large scale installation of PMUs has been recent. If enough PMUs are deployed, the measured voltage and current phasors can make the network observable, thus making state estimation feasible. It was also recognized that such a PMU-only state estimator is linear with the weighted least squares estimate for the complex state vector V calculated by the complex expression
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H is the complex matrix that relates the voltage and current phasor measurements to the states, W is the covariance matrix of the measurement errors and Z is the vector of phasor measurements [1] - [3] . This Linear State Estimator (LSE) can run at sub-second cycles as PMUs routinely stream phasor data at 30 frames (or higher) per second compared to SCADA data with periodicities of several seconds. Thus the LSE can observe fast phenomena, like the transients after a fault or switching, which is not possible to do with the traditional state estimator.
Although the advantages of a PMU-only state estimator have been known for some time, enough PMUs were not available to provide observability for a region. Under those conditions, the phasor measurements were often added to the existing state estimator which could marginally increase the accuracy of the estimate but could not take advantage of the faster periodicity of the PMUs. Another such hybrid state estimator known as the SuperCalibrator, also mixes the phasor measurements with all other substation measurements to calculate the states locally at the substation by exchanging data with neighboring substations [4] - [6] . Such a distributed state estimator algorithm has been field tested with several substations.
To circumvent the problem of inadequate observability, a project was initiated by Dominion Virginia Power and the U.S. Department of Energy to demonstrate the LSE. The PMUs were installed to ensure adequate observability and redundancy and a three-phase LSE, using the algorithm developed at Virginia Tech, is now running successfully in the field [7] , [8] . This LSE is not tightly integrated with the existing EMS, utilizing a separate database and power system representation.
In this paper, we describe the successful implementation of a PMU-only LSE that is tightly integrated to the existing EMS. The LSE algorithm uses one developed at Washington State University [9] - [11] . This LSE estimates the 500kV system of Pacific Gas & Electric (PG&E) and is integrated with the existing (Alstom) EMS and its database.
In the rest of this paper the details of the design, testing and implementation are presented. In Section II, the power system and the PMU placements, including the observability/redundancy checks, are presented. Section III describes the implementation of the LSE algorithm. In Section IV, we describe how this LSE is integrated with the existing EMS through its database. Section V presents the testing carried out with simulated data for both steady-state and dynamic conditions. In Section VI we validate the performance of the LSE using actual field PMU data. In Section VII we summarize the challenges and lessons learnt in such an implementation.
II. POWER SYSTEM AND PMUS

A. PMU Placement
In excess of 40 PMUs are installed and operational in the EHV portion of the PG&E system as part of a USDOE Smart Grid Investment Grant (SGIG). The overall project objectives are described in [12] , [15] , and [16] . As with most installation of instrumentation, the PMU location criteria [12] for this deployment took into account many objectives and was not optimized for the state estimator. Fig 1 shows a simplified one-line diagram of the portion of the 500kV system considered for LSE validation. The PMUs are installed in these 10 substations and Fig 2 shows a more detailed layout of the 500kV substations 5 and 10 with the PMUs located at the end of the transmission lines. Note that some of these lines are series compensated, a common practice for long 500kV lines in the American west, requiring additional processing in the LSE (discussed in Sec III).
B. Off-Line Observability and Redundancy Checking
To determine the feasibility of the LSE, an off-line observability validation was performed. In the example of Figure 1 , sixteen (16) transmission lines are shown each with a PMU at each end of the respective line (total of 32 PMUs) per redundant system. These PMUs measure current phasors and line-side (end-of-line) voltages. On the other hand, PMUs were not located at the 500/230kV step-down transformers. As is common, each PMU measures three-phase voltage and current phasors, and positive, negative and zero sequence voltage and current phasors. As discussed later, the LSE only estimates the positive sequence voltage phasors, so it only uses the positive sequence voltage and current phasors. Also, there are redundant PMU measurements at every location, so twice the number of phasor measurements are received and processed by the LSE therefore improving observability, data reliability, and LSE performance validation.
The number of buses, and thus the number of state variables, will change in real time based on network topology. With the system in normal condition, as in Figure 1 , there are 36 states variables (series capacitors cause each substation to have multiple buses in the bus-branch model). There are 80 measurements (not including the redundant PMUs) made up of 31 complex voltages and 49 complex currents, the number of current measurements being more than the PMUs because the line-end current can be extended to the series capacitors (explained in the next section). So the redundancy is 2.22 and this is relatively adequate for state estimation. Also, such an off-line study checks the observability of each substation which is obviously guaranteed by several voltage measurements with redundancy provided by the current measurements. This study concluded that the observability and redundancy requirements of the LSE were met even without PMUs on the step-down transformers.
III. IMPLEMENTATION OF THE LSE
The traditional state estimation function consists of four major program modules solved sequentially and the LSE is very similar in that respect. In this section, these four modules are described briefly, especially to explain how the series capacitors are handled in the LSE.
A. Topology Processor
The function of the network topology processor is to determine the present topology of the network from the telemetered status of circuit breakers. The database describes the network connectivity in terms of bus sections and circuit breakers [13] . The LSE topology processor takes all these substation connectivity information and breaker/switch status to build up the network bus-branch model from the node-breaker model. . This is only a demonstration of the logic in the topology processor. In the real power system, there are not only circuit breakers, but also switches and other devices to be taken into account. One can also see how the series capacitors create extra buses in the network. After topology processing, LSE has a bus-branch model of the whole network.
B. Real Time Observability Analysis
As the topology of the system changes in real time, a real time observability analysis is required to correlate the PMU measurement with the topology, so that the LSE is able to know how many observable islands there are and how the buses are connected in each observable island.
Since the PMU is located on line side, the LSE can extend the current to its adjacent series capacitors to make the series capacitor branch observable. Figure 4 shows an example using the same network in topology processor. There is a PMU measuring voltage and current phasors at bus 5, so the LSE extends the current to bus 3 and 1 so that the two series capacitor branches also are observable. Bus 7 can be calculated by its neighboring bus 5 in state estimation, so it is also observable. To the contrary, there is no PMU at bus 6, so bus 6, 4 and 2 are not observable in this case.
The LSE checks the observability of all the branches and uses the observable branches to form observable islands. Therefore, we can formulate the state estimation equations based on these observable islands and solve them.
C. LSE Equations and Solutions
In this phase, we formulate the state estimation problem and solve. As is typical of any state estimation, the LSE solves each observable island separately. Hence, even if some PMU data are missing, we can still formulate the equations and solve the LSE for those portions of the network still observable. (The equations and solutions are well described in [10] and [11] .) 
D. Bad Data Detection and Identification
A very important functionality of state estimation is to detect and eliminate bad measurements. We use the usual Chi-square test modified for the LSE equations to detect bad data. If the measurement residual vector isê, the weighted sum of its square,f is a random variable which has a Chi-square probability distribution [14] 
where N m is number of measurement and σ 2 j is the covariance factors of the errors. The expected value off is equal to the number of degrees of freedom and this can be used to determine whether bad data is present or not. Identification of the bad data also follows standard procedures used in the traditional state estimators.
It should be pointed out that this function is even more useful during the commissioning of the LSE than during routine operation. Because newly installed PMUs and their communications have many start-up issues, the LSE becomes another method of testing the accuracy and performance of the PMUs.
IV. INTEGRATION OF THE LSE WITH EXISTING EMS
As the PMU data is collected at the EMS separately from the SCADA data, installing the PMU applications into the control center environment requires the integration of the new data and applications with the EMS database and graphics [15] , [16] . In this section, the design choices and the resulting integration of the LSE is described.
A. Design Choices
From the beginning, the ultimate environment for deployment of LSE dictated the design choices made, for LSE needs to be integrated seamlessly into the existing EMS production environment including the user-interface (both traditional tabular displays as well as situational awareness displays). Additionally, the training, testing and maintenance aspects should also be supported.
The EMS is fully redundant with two sites (normal and back-up) and each site running two systems. Thus, LSE results need to be available on the active system (any one of the four).
The PMU data is received at a PDC at the EMS sites; the PDC of choice for this EMS was the OpenPDC. Like the redundant EMS, the OpenPDCs are also fully redundant.
In order not to impact the OpenPDCs in any way, the LSE instances run on two separate machines, each getting PMU signals from two PDCs. Only the active EMS gets the LSE outputs.
The LSE is adapted in the following ways to run in the PG&E environment:
• Although the PMUs measure voltages and currents in all three phases, the EMS database is a single line representation. Moreover, the EMS GUI has single line displays of the power system and operators are used to these displays. Thus the LSE had to be a single phase algorithm utilizing the positive sequence voltages and currents from the PMUs.
• The WSU LSE is designed to do pre-processing of the PMU data at the sub-stations themselves. In the PG&E system, the EMS environment did not extend to the substations; hence, the LSE was modified to completely run at the control center EMS only.
• The data structure for the LSE input had to be modified to handle the EMS database format (bus-breaker model).
• The LSE runs on a separate computer just like other EMS applications using a C37.118 input stream from the OpenPDC.
• The LSE normally expects to receive breaker status data as part of the PMU data stream. As breaker status was not always available at the PG&E OpenPDC, provision was made to receive this information from the SCADA input stream.
• The testing of the LSE needed additional features. For example, loss of PMU signals had to be simulated to see the impact on observability. Similarly, ability to add Gaussian noise to selected PMU signals was added to simulate noisy measurements.
• Other tools were also needed for the development phase that will be used for software maintenance later. These included user interfaces, capturing debug outputs, getting input from different sources, etc. Other interface challenges between LSE and EMS include: 1) OpenPDC signal reference versus SCADA analog names: LSE needs to process data from OpenPDC and send it to SCADA and these use different identifiers. So, a mapping of the two is needed.
2) OpenPDC versus SCADA measurement units: both magnitudes and angles require conversions between the OpenPDC and EMS environments.
B. Data Flow
Power system state estimation is one of the key EMS applications in existing control centers. The purpose of this traditional State Estimation (SE) is to obtain the best estimate of the real time model of the power system [17] , [18] . For SE to run, it needs input from a static database and a real time data base. The static data base of the EMS provides network configuration data such as line impedance, device connectivity within the substation and branch connectivity between substations. The real-time database is made up of SCADA measurements, both analog and digital. Analog measurements typically The LSE also require a static and a real time database. The real time database is different as the analog measurements are voltage and current phasors. The static database is the same except that in the case of PG&E the LSE is using only a subset -the 500kV portion only -of the full EMS database. Also, in the PG&E system the PMUs are not collecting the digital status of circuit breakers, so the digital measurements are obtained from the SCADA real time database. Fig 5 shows the basic algorithm and data flow of the LSE at the control center, which is similar to that of traditional SE except that the analog measurements come from OpenPDC. The diagram shows how the LSE databases are generated.
The static database for the LSE is extracted from the EMS database using a software program; that is, the 500kV network model is extracted from the much bigger network model used in the traditional state estimator. The real time database mainly consists of PMU data from the 500kV substations which is collected at the OpenPDC at the control center. However, the digital breaker/switch status is not collected in the OpenPDC and is obtained from the real time database of the EMS through a web service.
To decouple the heterogeneous systems being used, a web service is deployed to transfer a dynamic file which contains all the relevant breaker/switch status from SCADA through a communication network to the LSE. One issue of using the web service is that the SCADA updates the breaker status at a much slower rate (several seconds) than the LSE periodicity (30 times a second). So when the breaker status changes, the LSE may not be able to update the topology for a while and the LSE output could be in error for a small time interval. To avoid this discrepancy, the digital information of breaker/switch status available as part of the PMU data in newer PMU installations. Fig 6 shows the flow chart of how LSE makes use of the web service. The topology processor in the traditional SE, which runs at SCADA scan rates, is adapted to produce the dynamic file that contains the latest topology information. This is stored in a file system and the web service makes it available to LSE; LSE makes periodic inquiry to obtain the latest dynamic file used during the testing of the LSE and some examples are shown in the next section.
OpenPDC has the capability to collect and send over PMU data as fast as 30 frames per second [19] . The LSE receives the PMU data from PDC to generate the real time database. The LSE output is transmitted to the SCADA/EMS using the same library that OpenPDC uses for sending PMU data to SCADA. Separate analog records are created in SCADA so that raw data (from PMUs) is distinct from the output of LSE.
C. Visualization
As an independent application, the LSE needs a User Interface (UI) which provides some visualization. The PG&E EMS is already developing the capability to visualize the raw PMU data, using the Alstom tabular and situational awareness PMU displays as the basis. The output of the LSE can use these same capabilities for visualization. The aim is for the same displays to be driven by either raw PMU measurements or with LSE output, letting the operator compare the two.
For this first implementation of the LSE, UI had to be developed also for testing purposes. This was done using the Windows Presentation Framework (WPF), which is a software graphical subsystem for rendering user interfaces in Windowsbased applications by Microsoft [20] . Some basic tables and charts were built to show the input (voltage phasor and current phasor from PMUs) and output (estimated voltage and current phasor) of LSE. A real time display chart was created to show the trajectory of input and output of LSE. From this chart, LSE is able to show the transient states of a power system, which could be useful to operator at the control center. Examples of these tables and charts can be seen in the next section.
V. OFF-LINE TESTING
LSE is designed for testability; test features which are useful for engineers to be able to test the LSE easily are added:
• To disable/enable the PMU signal(s), so the user can simulate conditions when some PMU signals are not available and see the impact on observability and estimation.
• To add noise to the PMU signal(s). Such features also come in handy for training end users on various scenarios that may be encountered in the field. Detailed testing is carried out as explained below.
A. Testing on Simulated Steady State Data
The LSE is first tested on a series of simulated steady-state scenarios. Steady-state power-flow solutions corresponding to various topological conditions (e.g., single line-out, double line-out, etc.) are generated into files (dynamic file and solution file). The dynamic file contains the status of breakers/switches and the solution file contains the power flow solution. The solution file is then fed to a PMU Simulator (a tool that can take a CSV file and a customized configuration file as input and stream out C37.118 PMU data), which then feeds the data to OpenPDC.
The LSE has been tested on problems with voltage magnitude and phase angle measurements. PMU data at times may exhibit characteristic problems: a. Constant Phase Angle Bias b. Sudden Phase Angle Jumps c. Saw-Tooth Behavior d. Random Noise Figure 7 shows the result of the LSE for some conditions of magnitude error and angle bias. As seen, the LSE detection logic successfully detects the bad data.
B. Simulated Testing in Proof of Concept Facility
The Proof of Concept (PoC) facility at PG&E is used for testing various PMU applications and analytics. A 100+ bus RTDS model, very similar to the EMS model, is used in this facility. This RTDS model has been verified to be accurate in multiple different applications. Various cases with different types of topology and measurement sets have been simulated for LSE validation and performance testing. Figure 8 shows some results of the LSE running with RTDS data, with only the voltage measurements and the estimates at main buses in the ten substations. The second and third columns are the input PMU phasor measurement while the fourth and fifth columns are the estimated phasors. It is apparent that LSE manages to provide accurate estimates under this situation with no bad measurements.
As mentioned in Section IV, this version of LSE obtains the breaker status changes from the SCADA/EMS and not from the PMU-PDC. The key reason for not using the status information from PMUs is overall consistency in the implementation. In majority of applications there will be a fraction of PMU locations as opposed to a broader power system. In contrast to the SCADA/EMS statuses being available for every terminal, PMU streamed statuses are a fraction of terminals or locations throughout a large power company footprint. Use of SCADA/EMS statuses means that the topology changes reach the LSE a few seconds after the voltage and current phasors have reached the LSE. During that short period the LSE has inadequate accurate topology (in case there has been a change) and immediately updates results once accurate status data has arrived. Fig. 9 shows about four seconds of a chart in which a line outage takes place between substation 7 and 8, while the LSE keeps using the topology with the line in service all the time. The scenario is as follows: It can be seen that the LSE estimates follow the measurements quite closely before t 1 and after t 4 but from t 1 to t 4 , the LSE uses the old topology information, and the LSE results are not correct. Even though the bad data detection algorithm detects bad data, it suspects that some of the phasor data are bad instead of the topology. So the delay in obtaining the latest and accurate topology information gives rise to estimation errors for short periods after topology changes.
VI. TESTING WITH FIELD PMU DATA
After the initial tests with simulated data and LSE performance validations, the LSE was run with streaming field PMU data in real-time. The data is "M" class per IEEE C37.118.1. The performance of the LSE has been validated especially during switching events and power system faults when both the speed and the accuracy of the LSE are stressed. One such case is shown below; it is the case of one line outage between substation 8 and 10 in Figure 1 . The PMU raw measurements and the estimated results are shown in Figure 10 for about 15 seconds around the single-phase to ground outage.
As seen, the line outage event happens a little after the five second mark. There are six voltage measurements at substation 8 which all measures about the same magnitude until the outage when one measurement goes to zero while the rest stays at the normal level (the slight dip in the normal level is not noticeable on this scale). When the line trips the other lines carry more power. Note the transient oscillations for one of the remaining branches near the faulted line. The LSE estimates the small drop in the substation voltage accurately including the transient. The discontinuities in the curves in Fig. 10 are due to the occasional missing frames of PMU data. 
VII. LESSONS LEARNED
Although the theory of the LSE was developed more than a decade ago and a standalone 3-phase PMU-only LSE is successfully running at Dominion Virginia Power, integrating the LSE into the existing control center environment calls for many adjustments. This is explained throughout the paper but the main ones are summarized in this section.
1. The present practice of PMU placement usually does not include observability and redundancy for LSE as a criterion. This forces some limitations on the LSE performance. 2. The PMU data flow is very different in character from the SCADA, thus a completely different PMU real time database has to be installed in parallel to the SCADA real time database. 3. Many of the PMUs installed today do not measure breaker status, so the LSE cannot update the topology at the same rate as the estimation calculation. In such cases the status has to be retrieved by the LSE from the SCADA database which updates at a much slower rate and thus introduces errors in the LSE results. (PMUs today have the capability to measure status and this problem can soon be corrected.) 4. The EMS static database, which houses the system data, is single phase, so a three-phase LSE cannot be run on this environment. Given that all transmission planning and operation software is standardized today on single phase, this is a major compromise that cannot be easily remedied. To take advantage of the three-phase measurements, the standard EMS databases must all be updated to three-phase, a huge task. 5. The GUI in today's control centers are also single-phase with all system displays in single-line (these are supported by the single phase EMS database). So a move to a three-phase LSE will also require the updating of all displays. Even with these compromises there are some obvious advantages of integrating the LSE with the EMS environment.
1. The LSE can be used to clean up the PMU data. As most PMUs are installed recently, the power companies are spending significant effort to ensure accurate data. An LSE would make this process much easier because of its bad data detection capability. 2. The LSE can run at the same rate as the PMU data rate (30Hz) which is not possible with the traditional state estimator. For the first time measured data and estimated data can be used interchangeably presumably taking advantage of the estimated data being more accurate. 3. Some of the applications that use raw PMU data (e.g., oscillation detection) can use estimated data instead. 4. Most EMS vendors have developed visualization for PMU data for the operators. A major advantage of integrating the LSE into this environment is the ability to visualize the LSE results utilizing the same displays that operators are used to.
VIII. CONCLUSION
As more PMUs have been installed, portions of the power grid have become observable with phasor measurements alone, thus making Linear State Estimators feasible. Experimental prototypes are appearing in the field although the LSE is not yet a standard offering of control center vendors. In this paper, we present the implementation of a LSE that is integrated (we believe for the first time) with the database and visualization of the existing SCADA-EMS. This LSE covers a 500kV portion of the Western Interconnection that consists of several substations in the PG&E system. The paper presents the approaches used (1) to determine the network portion that can be handled by the LSE and the scalability of the application, (2) to solve the on-line observability, topology processing and bad data detection, and (3) to integrate the LSE with the static (model) database, the PMU data and the visualization software of the existing EMS. The paper also presents the results of the LSE first from off-line testing and then from on-line testing with field data. These tests prove that the PMU-only LSE is able to run properly 30 frames per second, which means that it tracks certain transient behavior that cannot be detected by the traditional state estimator. Although the feasibility of PMU-only LSEs integrated into existing control centers and running at PMU periodicities has been established, much work remains to be done on the performance of such LSEs in handling the varying levels of PMU data quality, and on the impact of observability when PMU data is missing or unavailable. More work is planned to stream LSE output using a C37.118 to other synchrophasor applications as well as to an archival system. A study LSE that can process data from a variety of sources (e.g., COMTRADE 2014) and improved data validation are also being planned.
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